Azoreductases have been characterized as enzymes that can decolorize azo dyes by reducing azo groups. In this study, genes encoding proteins having homology with theazoreductase gene of Bacillus sp. OY1-2 were obtained from Bacillus subtilis ATCC6633, B. subtilis ISW1214, and Geobacillus stearotherophilus IFO13737 by polymerase chain reaction. All three genes encoded proteins with 174 amino acids. The deduced amino acid sequences of azoreductase homologs from B. subtilis ISW1214, B. subtilis ATCC6633, and G. stearotherophilus IFO13737 showed similarity of 53.3, 53.9, and 53.3% respectively to that of Bacillus sp. OY1-2.
Azo dyes are organic colorants with great structural variety. They are synthesized chemically and are used extensively as dyes for textiles, foods, cosmetics, and so forth. More than half a million tons of these dyes are produced annually worldwide, and portions of them are released into the environment as the waste of the textile, food, cosmetic, and dyestuff manufacturing industries. [1] [2] [3] Since they are stable in the environment and conventional sewage treatment system, 4, 5) they are regarded as pollutants. The wastewater treatment systems for azo dyes nowadays are based mainly on physical or chemical procedures with high cost requirements, hazardous by-product formation, and huge energy demands. A biological degradation procedure for azo dyes can play a crucial role in overcoming such shortcomings.
To establish a biological wastewater treatment system for azo dyes, it is essential to look for microorganisms carrying azo dye degrading enzymes. Many kinds of microorganisms have been found to carry the decolorizing activity of azo dyes. [6] [7] [8] In the course of our study, we isolated three bacterial strains carrying the activity to reduce azo dyes from soil and sewage samples. Among these bacteria, only Bacillus sp. OY1-2 reduced azo dyes under aerobic conditions. The enzyme produced by this bacterial strain was analyzed precisely and found to be able to reduce many azo dyes, such as Methyl Red, Acid Red 88, and Reactive Red 22, in a -NADPH dependent manner. 9) Molecular cloning of the gene of this enzyme was thought to be crucial for further characterization and application of this enzyme. Hence we cloned the gene encoding the azoreductase from Bacillus sp. OY1-2 and expressed it in E. coli. The purified recombinant enzyme exhibited the property of reducing azo dyes similarly to the native enzyme. 10) Recently, genes coding for aerobic azoreductase have been cloned from E. coli, 11) Xenophilus azovorans,
12)
Pigmentiphaga kullae, 13) Enterococcus faecalis, 14) Rhodobacter sphaeroides, 15) and Staphylococcus aureus. 16) Although these enzymes reduced some kinds of azo dyes, some dyes were not degraded efficiently. As for y To whom correspondence should be addressed. Tel: +81-11-706-7327; Fax: +81-11-706-7310; E-mail: suzuki@czc.hokudai.ac.jp the construction of an enzymatic treatment plant for azo dye containing wastewater, it appers to be essential to acquire azoreductases with a wide range of substrate specificity.
In this report, we describe the cloning of azoreductase gene homologs of B. subtilis and Geobacillus stearothermophilus and recombinant expression in E. coli. In addition, the characteristics of recombinant enzymes as azoreductases are presented.
Materials and Methods
Bacterial strains, culture conditions, and plasmids. The names and sources of bacterial strains used in this study are shown in Table 1 . Bacillus and Geobacillus strains and Escherichia coli XLI-Blue were cultured in LB broth consisting of 10 g bacto tryptone (Becton Dickinson, Sparks, MD), 5 g yeast extract (Becton Dickinson), 10 g NaCl per liter or LB agar (LB broth containing 15 g/l agar, Wako pure chemicals, Osaka, Japan). The E. coli strain GI618 (purchased from Invitrogen, Boston, MA) was cultured in the RMG medium consisting of 20 g cazamino acids (Becton Dickinson), 5 g glycerol, 1 mM MgCl 2 , 6 g Na 2 HPO 4 , 3 g KH 2 PO 4 , 0.5 g NaCl, and 1 g NH 4 Cl per liter or RMG agar: RMG medium containing 15 g/l agar. Recombinant proteins were expressed by E. coli strain GI618 in ID medium consisting of 2 g casamino acid, 5 g glucose, 1 mM MgCl 2 , 6 g Na 2 HPO 4 , 3 g KH 2 PO 4 , 0.5 g sodium chloride, and 1 g NH 4 Cl per liter. The plasmid pT7Blue(R) T (Novagen, Boston, MA) was used for cloning of PCR products, and plasmid pTrx-Fus (Invitrogen) was used for the expression of recombinant azoreductases. The chemical structures of azo dyes used in this study are shown in Table 2 .
DNA extraction. Genomic DNAs from Bacillus and Geobacillus strains were prepared from colonies by mechanical disruption, as described previously, 17) and dissolved in 300 ml of TE buffer consisting of 10 mM Tris-HCl pH 8.0, and 1 mM EDTA.
Data-base search. Protein sequences having homology with the deduced amino acid sequence of the azoreductase gene of Bacillus sp. OY1-2 were searched using TBLASTN software at the National Center for Biological Information (NCBI) home page.
18)
Cloning of azoreductase genes from three Bacillus strains. DNA fragments carrying the entire open reading frame and its franking sequence from B. subtilis ISW1214, B. subtilis ATCC6633, and G. stearotherophilus IFO13737 were amplified by polymerase chain reaction (PCR) with primers (BS-AZR-1 and 2, Fig. 1 ) designed from the nucleotide sequence of B. subtilis DNA data carrying homology with the azoreductase of Bacillus sp. OY1-2. The reaction mixture (50 ml) consisted of long and accurate (LA) PCR buffer II (Mg 2þ -free); 2.5 mM MgCl 2 ; 200 mM each of dATP, dCTP, dGTP, and dTTP; 10 ng DNA from bacterial strains; 1.25 units of Takara LA Taq DNA polymerase (Takara Bio, Kyoto, Japan); and 0.5 mM of primer AZR-1 and primer AZR-2 ( Fig. 1) . PCR was carried out for 35 cycles in a Takara PCR Thermal Cycler personal (Takara Bio), each cycle consisting of denaturation for 5 s at 98 C, annealing for 10 s at 55 C, and extension for 30 s at 72 C. The PCR product was extracted from the gel after separation by 1% agarose gel electrophoresis and directly subcloned into the pT7Blue(R) T vector using Takara Ligation Kit ver. 2 (Takara Bio) and transformed E. coli XL-I Blue following Ausubel et al. 19) The subclones were sequenced by the dideoxy chain termination method 20) with a Model 310 genetic analyzer (Applied Biosystems, Foster, CA).
Southern blot hybridization. Detection of the restriction DNA fragment carrying the azoreductase gene was performed following Southern et al. 21) One mg genomic DNA from bacterial strains was completely digested with restriction enzyme EcoRI, separated on 1.0% agarose gel, and vacuum-transferred to a GeneScreen Plus membrane (NEN Life Science Products, Boston, MA). The filters were prehybridized in ExpressHyb hybridization solution (BD Biosciences Clontech, Palo Alto, CA) at 68 C for 30 min, followed by hybridization with the same solution containing a 10 ng/ml digoxigenin-labeled 0.5 kbp DNA fragment carrying the open reading frame of azoreductases from Bacillus sp. OY1-2 or the azoreductase homolog of B. subtilis ISW1214. Hybridization probes were synthesized by PCR using a PCR DIG Labeling Kit (Roche Diagnostics, Penzberg, Germany). The reaction mixture (50 ml) consisted of 10 mM Tris-HCl, pH 8.3; 50 mM KCl; 1.5 mM MgCl 2 ; 200 mM each of dATP, dCTP, and dGTP, and 130 mM dTTP; 70 mM digoxigenin-11-dUTP; 1.25 units of Taq DNA polymerase; 1 mM of primers; and 10 ng of genomic DNA. Primer pairs AZR-rec-S-Nde/AZR-rec-E-Xba and BS-AZR3/BS-AZR-4 ( Fig. 1) were used to amplify Bacillus sp. OY1-2 and the B. subtilis ISW1214 probe respectively. PCR was performed under the conditions described above. After hybridization, the filters were washed 5 min with 2 Â SSC and 0.1% SDS at room temperature followed by washing twice with 0:5 Â SSC/0.1% SDS for 15 min at 68 C. The hybridized digoxigenin-labeled probes on the filters were detected by alkaline phosphatase conjugated anti-digoxigenin antibody, followed by developement of chemiluminescence using Duolux Chemiluminescent/Fluorescent substrate (Vector Laboratories, Youngstown, OH). Chemiluminescence on the filters was detected by Lumino Capture AE-6950 Bio/chemical-luminescence photography equipment (ATTO Corporation, Tokyo, Japan).
Expression of azoreductase in E. coli. The entire open reading frame of azoreductase was amplified by PCR. Briefly, the reaction mixture (50 ml) consisted of LA- Fig. 1 ), was used for B. subtilis ATCC6633, and a primer pair, BS-AZR-3/BS-AZR-4 ( Fig. 1) , was used for amplification of the azoreductase gene homolog from B. subtilis ISW1214 and G. stearotherophilus IFO13737. PCR was performed under the condition described above. The PCR product was extracted from the gel after separation on 1% agarose gel electrophoresis and subcloned into pT7Blue(R) T for confirmation of the nucleotide sequence, followed by transfer into expression vector pTrx-Fus after digestion by NdeI and BamHI. Expression of azoreductase gene homologs was performed by adding tryptophan at a concentration of 0.1 mg/ml in ID medium at 30 C for 4 h. Cell pellets from 200 ml induced culture were suspended in 10 ml of 20 mM sodium phosphate buffer (pH 7.0) and lysed by two cycles of freezing at À80 C and thawing at 37 C, followed by sonication (15 s, 70% output, 10 times). Supernatants of 9;000 Â g, 30 min centrifugation were used directly for the enzyme assay.
Determination of the concentration of recombinant azoreductase. Determination of the concentration of recombinant azoreductase in the supernatant of sonication lysate was performed using SDS-PAGE. Briefly, appropriate volume of samples treated under reducing conditions was applied on SDS-PAGE (4-20% gradient, w/v; Daiichi Pure Chemicals, Tokyo). Electrophoresis was conducted under normal conditions. Gels were stained for the presence of proteins using Coomassie Brilliant Blue R-250 (Sigma-Aldrich, St. Louis, MO). The concentration of azoreductases was determined by comparing the density of the Coomassie Brilliant Blue R-250 stained band of azoreductase with that of bovine serum albumin as a standard.
Enzyme assays. Reducing activities against various azo dyes were analyzed by measuring the decrease in optical density at suitable wavelength (Table 3) with the Ultrospec 3100 pro spectrophotometer (Amersham Pharmacia Biotech, Piscataway, NJ) at 25 C, basically according to Pasti-Grigsby et al. 22) The reaction mixture in a total volume of 1.0 ml consisted of 40 mM of azo dyes in 20 mM sodium phosphate buffer, pH 7.5, and a supernatant of bacterial lysates containing 4 mg of recombinant azoreductases. The reaction mixture was pre-incubated for 10 min at 25 C, and the reaction were started by the addition of 10 ml 50 mM -NADPH or -NADH (Oriental Yeast, Tokyo, Japan). The enzymatic activities were expressed as the amounts of reduced dyes by 1 mg enzyme per min. A B *Residue A of initiation codon ATG was defined as 1. For the 5' noncoding region, the residue before the intiation codon was defined as -1. For the 3' noncoding region, the residue after the termination codon was defined as +1. enzymatic reaction were determined with varying concentrations of azo dyes (from 5 to 150 mM) or -NADPH, from 50 to 1,000 mM, while the concentration of the other substrate was kept constant (azo dyes, 40 mM; NADPH, 500 mM). Apparent K m and V max values were obtained from Lineweaver-Burk plots. The effect of temperature was studied at different temperatures C) with the reaction mixture in a total volume of 1.0 ml consisted of 40 mM of azo dyes, 0.5 mM -NADPH, and a supernatant of bacterial lysates containing 4 mg of recombinant azoreductases in 20 mM sodium phosphate buffer, pH 7.5.
Results
Cloning of the gene encoding the azoreductase homolog from B. subtilis ISW1214
In order to clone genes similar to the azoreductase gene of Bacillus sp. OY1-2 from other bacteria, the DNA database was searched using TBLASTN software. An azoreductase gene of Rhodococcus sphaeroides and hypothetical open reading frames (ORFs) were found in the B. anthracis, B. cereus, and Bacillus thuringiensis genomes with more than 95% amino acid sequence identity. In addition, a hypothetical ORF was found in the B. subtilis genome, with an identity of 53.3% in amino acid sequence. In this study, a hypothetical ORF with lower identity found in the B. subtilis genome was chosen due to expectation of altered substrate specificity. From the sequence data of the hypothetical ORF in the B. subtilis genome, we made a pair of primers (BS-AZR-1 and BS-AZR-2, Fig. 1 ) for amplification of the whole ORF of azoreductase-like gene in B. subtilis ISW1214 by PCR. The amplified DNA fragments from B. subtilis ISW1214 genomic DNA were cloned into a cloning vector, pT7Blue(R) T, and the nucleotide sequence was determined to have an identity of 99.6% (523/525 nucleotides) and 100% (174/174 amino acid) in nucleotide and amino acid sequence respectively with the sequence of the B. subtilis YhdA protein, whose crystal structure was clarified but whose function has not yet been investigate. Table 1 . Genomic DNA fragments generated by digestion with restriction endonuclease EcoRI were separated on 1.0% agarose gel, transferred onto a positively charged nylon filter, and hybridized with digoxigeninlabeled PCR products carrying the whole open reading frame of the azoreductase homolog. Strongly hybridizing bands were observed with lengths of 1.8, 1.8, and 2.4 kbp in G. stearothermophilus IFO13737, B. subtilis ATCC6633, and B. subtilis ISW1214 respectively, whereas only very weak signals were detected in the other bacterial strains examined (data not shown). By the results of Southern hybridization, strongly hybridizing bands were found in B. subtilis ATCC6633 and G. stearothermophilus IFO13737 genomic DNA. Hence amplification of the DNA fragments carrying azoreductase gene homologs was performed using the same primer pair used for the amplification of the azoreductase gene homolog of B. subtilis ISW1214. The nucleotide sequences of the amplified fragments were determined after cloning into pT7Blue(R) T cloning vector. The nucleotide sequences reported in this paper have been submitted to the DDBJ/GenBank/EMBL Data Bank under accession nos. AB071366 (B. subtilis ATCC6633), AB071368 (B. subtilis ISW1214), and AB071367 (G. stearothermophilus). All three genes encoded hypothetical proteins with 174 amino acids. The deduced amino acid sequences from the determined nucleotide sequences of the azoreductase homologs from B. subtilis ATCC6633, B. subtilis ISW1214, and G. stearothermophilus IFO13737 were aligned with that of the azoreductase gene of Bacillus sp. OY1-2, as presented in Fig. 2 . The alignment shows that the azoreductase homologs of B. subtilis and G. stearothermophilus are closely related to each other. The deduced amino acid sequences of azoreductase from B. subtilis ISW1214, B. subtilis ATCC6633, and G. stearotherophilus IFO13737 carried similarities of 53.3, 53.9, and 53.3%, respectively to that of Bacillus sp. OY1-2. In all four proteins, the amino acid residues proved to be involved in the binding to FMN by the crystallography of B. subtilis putative azobenzen reductase, 23) and the Saccharomyces cerevisiae YLR011w gene product carrying ferric iron reductase activities 24) was completely conserved. In addition, the GXGXXG, motif which is known to participate in the binding to -NADPH, [25] [26] [27] was also conserved among the four proteins.
Southern blot hybridization
Southern blot hybridization was performed to search for the homologs of this gene in 10 bacterial strains of genus Bacillus and Geobacillus species, as presented in
Expression of azoreductases in E. coli
The entire open reading frame of azoreductase genes were amplified by polymerase chain reaction from genomic DNA using primers ( Fig. 1: primer pair of BS-AZR-3 and -4 for G. stearothermophilus IFO13737 and B. subtilis ISW1214, primer pair of BS-AZR-3 and -5 for B. subtilis ATCC6633), and cloned into pT7Blue(R)T to verify the nucleotide sequence. Then the NdeI and BamHI digested DNA fragments with accurate nucleotide sequences were transferred into expression vector pTrx-Fus digested with the same restriction enzymes (Fig. 3A) . E. coli GI618 was transformed with the constructs described above to express recombinant proteins (the recombinant proteins from Bacillus sp. OY1-2, G. stearothermophilus IFO13737, B. subtilis ISW1214, and B. subtilis ATCC6633 were designated rAZR-BSPo, rAZR-BSTi, rAZR-BSUi, and rAZR-BSUa respectively). Expression of azoreductases were monitored by analyzing the total lysate of E. coli by SDS-PAGE, followed by Coomassie Brilliant Blue R-250 staining. The recombinant azoreductases on SDS-PAGE migrated to molecular weight around 18 kDa (Fig. 3B) , in good agreement with those from the deduced amino acid sequences. These results indicate that the recombinant proteins obtained in this study were expressed from the genes inserted into expression vector pTrx-Fus. E. coli GI618, expressing recombinant azoreductases, was lysed by freezing and thawing, followed by sonication. When the supernatant and the precipitate of 9;000 Â g, 30 min centrifugation were analyzed on SDS-PAGE, nearly all of the recombinant azoreductase were recovered in the supernatant. In addition, only small amounts of proteins other than recombinant azoreductase were seen in the supernatant (Fig. 3B) . In our previous experiments, little difference in specific activity between affinity-purified recombinant azoreductase and recombinant azoreductase in the supernatant of 9;000 Â g, 30 min centrifugation was observed with rAZR-BSPo. Hence the activities of the four recombinant proteins in the supernatants were analyzed. First, the coenzyme dependencies of three recombinant proteins (rAZR-BSUa, rAZR-BSUi, rAZR-GSTi) together with rAZR-BSPo were examined. The enzyme assay was performed at 25 C in a reaction mixture consisting of 40 mM Acid Red 88, 0.5 mM -NADPH or -NADH, and 4 mg of enzymes in 20 mM sodium-phospate buffer, pH 7.5. Certain decolorizing activities were observed in the four recombinant proteins in the presence of -NADPH, whereas no activities were observed in the presence of -NADH (data not shown). These results indicate that the recombinant E. coli expressing azoreductase homologs carried large amounts of azoreductase activity, and that all the recombinant azoreductases can display activities dependent not on -NADH but of -NADPH. A, Alignment of deduced amino acid sequences of azoreductases. The description BSUi, BSUa, GSTi, and BSPo exhibited azoreductases from B. subtilis ISW1214, B. subtilis ATCC6633, G. stearothermophilus IFO13737, and Bacillus sp. OY1-2 respectively. À, deleted amino acids. Letters, amino acid residue different from that of azoreductase of B. subtilis ISW1214. Asterisks; amino acid residues identical to that of azoreductase of B. subtilis ISW1214. # and + denote the amino acid residues predicted to be involved in binding to FMN and NADPH respectively.
Comparison of azoreductase activity of recombinant azoreductases
The substrate specificities of these recombinant enzymes were analyzed at 25 C in a reaction mixture consisting of 40 mM of various dyes (Table 2 and  Table 3 ), 0.5 mM -NADPH, and 4 mg of enzymes.
The specific activities of the four recombinant azoreductases against distinct azo dyes are presented in Table 4 . The common feature of all four recombinant azoreductases tested in this study was an inability to discoloring azobenzene, Acid Orange 10, p-aminoazobenzen, Reactive Orange 1, or Reactive Red 2. Certain specific activities were observed in three newly expressed azoreductases (rAZR-BSUa, rAZR-BSUi, and rAZR-GSTi) for Fig. 4 . The three newly expressed azoreductases gave closely related spectra of specific activities, whereas a distinct spectrum of specific activity was observed in rAZR-BSPo. The correlation coefficiency between the specific activities of rAZR-BSUi and rAZR-GSTi was nearly 1.0, whereas a slightly lower value, 0.91, was observed between those of rAZR-BSUi and rAZR-BSUa. In contrast, a largely reduced value of 0.28 between the specific activities of rAZR-BSUi and rAZR-BSPo was observed. These facts are consistent with the identities of their amino acid sequences. Additionally, the mean values of the ratios of specific activities of rAZR-GSTi and rAZR-BSUa to rAZR-BSUi were 1.32 and 1.75 respectively. Three and 10 amino acid difference from rAZR-BSUi in rAZRGSTi and rAZR-BSUa respectively might act important roles for the increase in specific activities. When comparing three newly expressed azoreductases with that of rAZR-BSPo, higher specific activities were observed with rAZR-BSUa, rAZR-BSUi, and rAZRGSTi for Acid Red 88, Methyl Red, and reactive Orange 16. On the contrary, rAZR-BSUa, rAZR-BSUi, and rAZR-GSTi exhibited apparently lower specific activities for Acid Orange 52, Acid Yellow 23, Direct Brown 44, Mordant Orange 1, Reactive Black 5, Reactive red 120, Reactive Red 22, and Reactive Yellow 17 than rAZR-BSPo. Since Methyl Red and Reactive Red 22 exhibited characteristic feature among all the dyes examined, these two dyes were used for further investigation. In addition, since the specific activities of rAZR-BSUi and rAZR-GSTi exhibited similar tendencies for various azo dyes, recombinant enzymes rAZRBSUa, rAZR-GSTi, and rAZR-BSPo were employed in kinetic analysis and temperature stability study.
Apparent kinetic constants of recombinant azoreductases
Enzymatic reactions were performed by varying the concentration of substrates. The K m , V max , and k cat values of rAZR-BSUa, rAZR-GSTi, and rAZR-BSPo for Methyl Red and Reactive Red 22 were obtained from Lineweaver-Burk plots. They are presented in Table 5 . The whole open reading frame of azoreductase was amplified by PCR and cloned into a TA cloning vector, pT7Blue(R)T. After sequence confirmation, the DNA fragment digested by NdeI and BamHI was ligated with pTrx-Fus to make pTrx-AZR-BsUi, pTrx-AZR-BSUa, and pTrx-AZR-GSTi. B, E. coli GI618 was transformed with pTrx-AZR-BsUi, pTrx-AZR-BSUa, and pTrx-AZRGSTi. Protein expression was induced by tryptophan. Black arrowhead denotes the recombinant azoreductases. Lane 1, molecular weight markers. The molecular weights of standard proteins are indicated on the left side of the figure. Lane 2, total lysate of E. coli expressing azoreductase homologs. Lane 3, Supernatant of E. coli lysate after 9;000 g Â 30 min centrifugation.
The larger the value of k cat , the higher is the efficiency of the enzyme for the substrate. Accordingly, AZR-BSUa and AZR-GSTi can be said to be more efficient than AZR-BSPo for Methyl Red. At the same time, Reactive Red 22 is thought to be a better substrate for all the enzymes examined than Methyl Red. Considering the above results, screening of genes possessing homologies with known azoreductases might provide new azoreductases carrying distinct substrate specificities.
Effects of temperature
The effects of temperature on azoreductase activities are shown in Fig. 5 . When Metyl Red was used as a substrate, the optimum temperatures for rAZR-BSUa, rAZR-GSTi, and rAZR-BSPo were 25, 25, and 45 C respectively. In contrast, the optimum temperatures for rAZR-BSUa, rAZR-GSTi, and rAZR-BSPo were 45, 45, and 65 C respectively against Reactive Red 22. Although the optimum temperature was different for each substrate, the optimum temperature of rAZR-BSPo was higher than those of the other two enzymes. Since the number of amino acid residues in rAZR-BSPo different from other two enzymes was so great, specification of the amino acid residues playing an important role in higher optimum temperature could not be achieved. Differences in amino acid sequence between rAZRBSPo and the other recombinant azoreductases tested for the effect of temperature might play an important role(s) in higher optimum temperature. This should be elucidated in the future.
Discussion
Strenuous efforts have been made to isolate of bacteria carrying the activity of azo dye degradation, followed by analysis of the gene encoding enzymes that can degrade azo dyes. The first report on the cloning of a Correlations between specific activities of four recombinant azoreductases for various azo dyes were plotted and the correlation coefficiencies were calculated. A, Correlation between the specific activities of rAZR-BSUi and rAZR-BSUa; B, rAZR-BSUi and rAZR-GSTi; C, rAZR-BSUi and rAZR-BSPo. DNA fragment from the Rhodococcus strain conferring an ability to decolorize azo dyes was presented by Heiss et al. 28) The second report on azoreductase gene cloning was presented on Clostridium perfringens by Rafii and Coleman. 29) Both reports exhibited the azoreductase activity in the cell lysate of E. coli transformed by the DNA fragment carrying the azoreductase gene. But there was no information about the nucleotide sequence of the gene in either report. Recently, the cytoplasmic -NAD(P)H-dependent flavin reductase of E. coli 30) was reported to act as an azoreductase by Russ et al. 31) This is consistent with our functional domain prediction that azoreductases of Bacillus sp. OY1-2, B. subtilis ISW1214, ATCC6633, and B. stearothermophilus IFO13737 are -NAD(P)H-dependent flavin mononucleotide reductase by SMART software.
32) More recently, Nakanishi et al. reported that the gene acpD, predicted to encode acyl carrier protein phosphodiesterase, carried azoreductase activity in a -NAD(P)H dependent manner.
11) Moreover, a novel azoreductase gene of Xenophilus azovorans was cloned and characterized as carrying a -NAD(P)H dependent reductase motif by Blumel et al., 12) followed by reports on cloning and expression of azoreductase genes from Pigmentiphaga kullae, 13) Enterococcus faecalis, 14) Rhodobacter sphaeroides, 15) and Staphylococcus aureus 16) with similar characteristics. Additionally, crystal structure analysis of B. subtilis hypothetical protein YhdA, predicted as an azobenzen reductase has been performed and the results were presented as 1NNI 23) in the Protein Data Bank of Research Collaboratory for Structural Bioinformatics (RCSB). Since the amino acid sequence of YhdA protein was identical to that of the azoreductase of B. subtilis ISW1214, the function of hypothetical protein YhdA was clarified to be an azoreductase by our data. Amino acid residues proved to play important roles in binding to FMN by crystallography of B. subtilis YhdA protein 23) and the Saccharomyces cerevisiae YLR011w gene product carrying ferric iron reductase activities 24) was determined. These amino acid residues were completely conserved among the four azoreductases examined in this study. In addition, the -NADPH binding motif (GXGXXG) [25] [26] [27] was also conserved among the four proteins (Fig. 2) .
Considering our results together with the results of other groups, some of the -NAD(P)H-dependent reductases might act as azoreductases. This idea might open a way to obtain azoreductases with altered The effect of temperature was studied at various temperature ranging from 15 to 85 C. A, Reactive Red 22; B, Methyl Red, used as substrates. , specific activity of rAZR-BSUa; , specific activity of rAZR-GSTi; , specific activity of rAZR-BSPo, measured at various temperatures. substrate specificities by characterizing the recombinant enzymes from genes carrying the features of -NAD(P)H-dependent reductase. Mixed use of recombinant azoreductases or recombinant bacteria expressing azoreductases with different spectra of substrate specificities should enable efficient enzymatic reduction of a vast range of azo dyes. Alternatively, accumulation of data on the correlation between substrate specificities and structures of azoreductases might lead to the design of improved azoreductases with a wide range of substrate specificities. The construction of an efficient enzymatic treatment plant for azo dye-containing wastewater can be accomplished using these procedures. To discharge recombinant bacteria or enzymes into environment, however, might not be practical. An opposite approach might have to be taken in that case. Naturally existing bacteria possessing azo reductases with altered spectra of substrate specificities can be identified by screening of the homologs of known azoreductases in the DNA database, followed by expression of recombinant enzymes by genetic engineering. Precise analysis of these recombinant enzymes clarifies their characteristics. Then, those naturally occurring bacteria carrying the azoreductase genes with desirable substrate specificities can be selected for the treatment of wastewater containing azodyes. The data presented in this paper support the possibility of these ideas.
